Enhanced spin-flip scattering at the surface of copper in lateral spin valves 



0^ 
O 
O 
(N 

00 



C/2 



X3 

o 

> 
oo 
O 

rn 

00 
O 
0^ 
O 



X 




Mikhail Erckhinsky/'B Amos Sliaroni,^ Felix Casanova/'^ and Ivan K. SchuUcr^ 

^Department of Physics, University of Calif omia-San Diego, La Jolla California 92093-0319, USA 
Nanodevices Laboratory, CIC nanoCUNE Consolider, 20018 Donostia-San Sebastian, Basque Country 

(Dated: September 4, 2009) 

We performed non-local electrical measurements of a series of Py/Cu lateral spin valve devices with 
different Cu thicknesses. We show that both the spin diffusion length of Cu and the apparent spin 
polarization of Py increase with Cu thickness. By fitting the results to a modified spin-diffusion 
model, we show that the spin diffusion length of Cu is dominated by spin-flip scattering at the 
surface. In addition, the dependence of spin polarization of Py on Cu thickness is due to a strong 
spin-flip scattering at the Py/Cu interface. 



The performance of any device based on lateral spin 
valves depends on the magnitude of its signalJ^ Simi- 
lar to the effort put into every percentage increase for 
tunneling- or giant- magnetoresistance based devices^i^'^ 
the improvement of signal magnitude in lateral devices 
is an ongoing challenge. For any such attempt, one 
can control the materials used and the geometry of the 
devicej^i^i^ Generally speaking, for lateral spin valves 
there are two important parameters. The first one is 
the polarization of injected current, which depends on 
the intrinsic spin polarization of the ferromagnetic (FM) 
material used^!^ and how effectively it can be injected 
into the non-magnetic electrode (NM}^i^iii^. The second 
parameter is the spin diffusion length of the NM.— i^i^ii^i^ 
This is a measure of how far the injected spin imbalance 
diffuses inside the NM before it reaches an equilibrium 
state. In metallic lateral spin valves the devices are at 
the nanoscale, where the surface effects are comparable 
to the bulk. Thus the surface may have a significant in- 
fluence on both the efficiency of injection and the spin 
diffusion length. 

In this letter, we show that the performance of 
Ni8oFe2o permalloy/copper (Py/Cu) lateral spin valves 
with transparent interfaces reduces considerably with de- 
creasing the Cu thickness. We perform non-local spin- 
valve (NLSV) measurements^ for samples with different 
Cu thickness and multiple devices. This way, we are able 
to separately determine the spin diffusion length of the 
Cu electrode (Acu) and the effective spin polarization of 
Py (ckpy).— We find that both of these parameters in- 
crease with increasing Cu thickness. The thickness de- 
pendence of \cu and apy is explained by having different 
spin scattering mechanisms in the bulk of Cu, at the Cu 
surface and at the Py/Cu interface. 

The samples in this study were fabricated by a two- 
angle shadow evaporation technique. This enables the 
deposition of the Py and Cu electrodes on a Si substrate 
without breaking vacuum, which results in transparent 
and reproducible Py/Cu interfaces. The detailed fab- 
rication process is described elsewhere.— Wc prepared a 
series of samples with 6 to 8 lateral spin-valve devices on 
each sample (Fig.[TJa)). Each device consists of a pair of 
Py electrodes crossed by a common Cu strip. Edge-to- 
edge distance (c?) between pairs of Py electrodes is varied 
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FIG. f: (color online) (a) Scanning electron micrograph of 
a typical device. Geometrical parameters are indicated in 
the image, (b) V/\I\ vs. magnetic fleld for the device with 
d — 370nm. Solid red (dotted blue) line is for increasing 
(decreasing) field. The NLSV signal is marked, (c) NLSV 
signal (black squares) vs. d for the sample with tcu ~ 200nm. 
Red solid curve is the fit to Eq. [T] 



from 200 to 2000 nm. The Cu strip thickness (tcu) is var- 
ied between samples from 55 to 380 nm, and its width 
{wcu) is set to 250 nm for all samples. The thickness of 
the Py electrodes is fixed to 35 nm for all samples. In 
every device, the width of one Py electrode [wpy) is 100 
nm and the other is 150 nm providing separate control 
over the magnetization of each clectrodeFiSili 

Wc measured our samples in a Helium-flow cryostat at 
4.2 K. For each of the spin-valvc devices we performed 
non-local measurements using a conventional DC rever- 
sal techniqueJ^ The measured voltage depends on the 
relative orientation of magnetization of the two Py elec- 
trodes. It changes from a high value for parallel orien- 
tation of magnetization to a low value for antiparallel 
(sec Fig. [TJb)). The difference between the high and low 
voltages normalized to the current magnitude, Ay/|/|, 
is called the NLSV signal. The asymmetry between high 
and low values, which is theoretically not expected, is 
explained in Ref. 

Figure [Ijc) shows typical measurements of the NLSV 
signal (black squares) as a function of the edge-to-edge 
distance between Py electrodes for a sample with tcu = 
200nTO. The NLSV signal decreases with increasing dis- 
tance between electrodes. From this graph, we obtained 
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the values of Xcu and apy, as described below. 

By applying the one-dimensional spin-diffusion model 
with transparent interfaces for our geometry ,^^'^*^'^^ we 
write an expression for the NLSV signal as a function of 
the different geometrical and material parameters: 
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where Rcu = 2Xcu/crcuScu and 

Rpy = 'iXpy/apySpy {l — aj^y) 0,16 splu-r eslst auccs of 
Cu and Py, respectively. Xpy^Cu are spin diffusion 
lengths, (Tpy Cu are the conductivities, and Spy^cu are 
the cross-sectional areas of Py and Cu. For all samples, 
we use Xpy — bnmi^^^^ and apy = IQfiilcm. apy was 
measured on a separate device deposited under nominally 
identical conditions, and is in agreement with values re- 
ported in the literature.— >^ii^ All other variables, acu, 
Spy, Scu and d, were measured explicitly for each device. 
By fitting the data of each sample to Eq. [1] we extract 
the values of apy and Xcu as the two fitting parameters. 
The resulting curve for the sample shown in Fig. ^ic) is 
plotted as a red solid line, providing Xcu = 300 ± 23nm 
and apy = 0.35 ± 0.04. These values are in agreement 
with other NLSV measurements of the Py/Cu system,— 
but the spin polarization is lower than values obtained 
by other methods 

In Fig.[2Ua) we plot apy (black squares) as a function 
of tcu- The spin polarization of Py increases with Cu 
thickness and starts saturating above ~ 200rim. Theo- 
retically, a Py should be an intrinsic property of PyJiiiH 
Therefore, Fig. [UJa) indicates that we are measuring an 
effective polarization of Py which is affected by the Cu 
thickness. Figure [D^b) depicts Xcu (black squares) as a 
function of tcu- There is a general increase of the spin 
diffusion length of Cu for thicker samples, although there 
is some dispersion in the results. One should remember 
that each data point in this graph is obtained through a 
fitting of a different sample. Each sample was deposited 
separately and the exact geometry and deposition condi- 
tions could be the reason for this dispersion. The spin 
polarization plot has less dispersion implying that from 
deposition to deposition, the interface quality between 
Py and Cu is reproduced. 

To a first approximation, in the spin diffusion model, 
the probability of losing spin polarization of electrons is 
proportional to the time electrons spend diffusing inside 
the NM4iii Therefore, the only parameter that the spin 
diffusion length should be proportional to is the mean 
free path of electrons in the Cu strip [(.(j^)^ meaning 
that their ratio should be constant. We calculated £cu 
from the resistivity of Cu measured for each sample i^i^ 
Fig. [2Ka) shows Xcul(-Cu as a function of Iqu- We find 
that Xcu/^Cu is not constant, but fiuctuates with 
implying that there is an additional spin-flip mechanism 
besides the one provided by momentum scattering. If this 
additional spin-flip scattering occurs at the surface then 
the spin diffusion length of Cu will change with thickness. 
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FIG. 2: (color online) (a) apy (black squares) vs. tcu- Red 
solid curve is a fit to the model for injected spins (Eq. [Sjl. 
The inset is a schematic drawing showing a side view of the 
cross-shaped contact between the Cu strip (top) and the Py 
electrode (bottom). The shaded rectangle is the region of Cu 
strip right above the Py/Cu interface, which is marked by the 
thick line (blue online) . (b) Xcu (black squares) vs. tcu- Blue 
dashed line is a fitting curve for the modified spin diffusion 
model (Eq. [2} accounting for all the Cu surfaces and red solid 
line assumes that only the top surface of Cu is relevant. 



We follow the derivation of the one-dimensional diffusion 
equation^^ to include surface effects. Spin flip scattering 
in the bulk is accounted for by assuming that for each 
momentum scattering there is a probability to also flip 
the spin. This model is modified by including a different 
probability Ps to spin-flip at the surface. From here we 
can derive the dependence of Xcu on the geometry of the 
Cu strip 
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Using this formula, we fit our data of Xcu vs. tcu 
(blue dashed curve in Fig. [UJb)), finding the scatter- 
ing probabihties: pb — 1.0 x 10~^ ± 1.4 x 10"'^ and 
Ps = 0.036 ± 0.024. This fit follows the general trend 
of the experimental data. However, we obtain a better 
fit when we exclude spin-flip scattering from the side sur- 
faces, indicating there is spin-scattering mainly from the 
top surface or the Cu/Si substrate interface (red solid 
curve in Fig.[2)^b)). Here the corresponding probabilities 
are pb = 1.0 x lO"'' ± 7.4 x 10"^ and p^ = 0.14 ± 0.06. In 
both cases the results show that the probability to scatter 
spins from the surface is 3 orders of magnitude higher 
than the bulk. Therefore, the spin diffusion length of 
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FIG. 3; (color online) (a) Xcu/^Cu as a function oi Icu- (b) 
Increase of NLSV signal after oxidation (black squares) vs. d 
for a sample with tcu ~ 210nm. Red solid line demonstrates 
a linear behavior of the NLSV signal increase vs. d, indicating 
an increase in Xcu after oxidation. 



from the bulk of Cu, the Cu surface and the Cu/Py inter- 
face. If Njn is the number of injected polarized electron 
per unit time (in our model there is no spin scattering oc- 
curs when those electrons cross the interface), and Nout 
is the number leaving the area above the injector then 
apy = a.int {Nout/Nin) where aint is the intrinsic polar- 
ization of Py. Now, Nout equals Njn minus the number 
of spins per unit time which scatter above the Py elec- 
trode. These include spins scattered at the Cu surface, 
in the bulk and at the interface, and are functions of the 
scattering probabilities Ps, Pb and pi (the spin-flip proba- 
bility for momentum scattering at the Py/Cu interface), 
the geometrical parameters {tcu, wcu, wpy) and Icu- 
For a steady state we attain: 



Cu is dominated by surface scattering. Enhanced spin- 
flip scattering from metal surfaces was suggested earlier 
by other group o^^i^^'^^ and it was also found in recent 
theoretical calculationsi^ 

We were able to attain additional information by oxi- 
dizing a few samples and re- measuring the NLSV signal 
for the devices. In Fig. [3Jb) we show the percentage dif- 
ference between NLSV signals measured before and after 
oxidation for the 210nm-thick sample. The NLSV signal 
increases for each device, and the extracted \cu increases 
as wefl from 247 ± 36nm to 282 ± 48nm. Since the Cu/Si 
interface is not affected by the oxidation, the increase in 
\cu indicates that it is the top surface which provides 
strong spin- flip scattering. 

We apply the modified spin-diffusion model to un- 
derstand the decrease of apy for thinner Cu. The de- 
pendence of apy on is not explained by the one- 
dimensional spin-diffusion model because in this model 
the spin polarization is an intrinsic parameter of the FM. 

In the actual sample, there is a region of the Cu strip 
above the Py/Cu interface (see inset of Fig. [2ja)) that 
is not taken into account by the one-dimensional model. 
This region also provides spin-flip scattering for the in- 
jected electrons, where one of the scattering surfaces is a 
FM. As a result, the injected electrons lose some of their 
spin polarization before continuing to diffuse along the 
Cu strip. Therefore, apy is an effective spin polarization 
and it is smaller than the intrinsic one. 

We calculate the effective polarization of the injected 
electrons by considering the spin-scattering contributions 



We fit the spin polarization data to Eq. [3] using pre- 
viously obtained Ps and pb, and wpy measured sepa- 
rately for each device. We attained an excellent fit 
(red sohd curve in Fig. Ufa)), with pi = 1.0 ± 0.4 and 
o^int = 0.50 ± 0.07. That the fit quality and parameters 
do not depend on whether we include all free Cu surfaces 
or only the top surface. The value pi = 1 is reason- 
able, since it means that every time an electron scatters 
at the magnetic Py/Cu interface it completely loses its 
spin information. More important, the value aint — 0.50 
is in agreement with values obtained by other methods 
(0.35-0.8) ^ii^^ 

To summarize, we found that both the spin diffusion 
length of Cu and the effective spin polarization of Py are 
strongly dependent on the Cu thickness in Py/Cu lateral 
spin valves devices with transparent contacts. The spin 
diffusion length of Cu is reduced for thin Cu strips due to 
dominant spin-flip scattering at the surface. In addition, 
we find that the effective spin polarization is strongly 
affected by the presence of the Py/Cu interface when 
the Cu thickness is less than 200 nm. The origin of the 
spin-flip scattering at the surface is still not understood 
and needs more attentionj^ Nevertheless, we show that 
increasing the thickness of the Cu strip is an effective 
way of improving the performance of lateral spin valve 
devices. 
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